3
(both added 0.1 % formic acid), for m 6 A starting with a 5-min gradient of 5-60 % methanol, followed by 5 min re-equilibration with 5 % methanol, and for unmodified nucleosides maintained isocratically with 30 % methanol. Mass spectrometric detection was performed using an MDS Sciex API5000 triple quadrupole (AB Sciex 
Analyses of m 6 A-IP-seq
The sequencing output from each of the 4 lanes in the sequencing run was trimmed 7 nucleotides in the 5'end, and de-multiplexed (4 samples in each lane). Reads from both m 6 A-IP and input samples were mapped to Zv10 using the STAR aligner [29] with options --seedSearchStartLmax 15
--clip3pNbases 10 --clip5pNbases 10 --outFilterMultimapNmax 20 --outFilterMismatchNoverLmax 0.05 --outFilterMatchNminOverLread 0.0 --outFilterMatchNmin 15 --outFilterScoreMinOverLread
Approximately 99% of reads mapped (Table S2) . For the input control samples, the number of input reads per ensemble83 gene was obtained using featureCounts v.1.5.0 [30] , using default options. The data was normalized as previously described [31] after obtaining normalization factors using calcNormFactors in the edgeR package [32] . For visualization in IGV we made tdf files using IGVTools [33] , with options -w 10 --minMapQuality 5, thus only visualizing high confidence reads.
We performed peak calling and detection of differentially methylated genes using ExomePeak [34] (FDR cut-off = 0.05). For all analyses we used the "consistent peaks" dataset (peaks detected in both samples). We selected genes with a 2-fold up or down-regulation for functional annotation analyses.
To generate a complete set of peaks, comparable between samples, we merged peaks found at the different stages (overlapping peaks merged using mergeBed). We then counted the number of high confidence IP and input reads in each peak, and after adjustment for sequencing depth (dividing counts by million high confidence mapped reads in the sample), we calculated the m 6 A-IP/input ratio (adding a value of 0.5 to both the IP and input value to avoid division by zero, and high, but irrelevant ratios for low values). This dataset was used as an estimate of the fraction of transcripts with and without m 6 A (for each gene), and to measure the correlation between samples (using Spearman correlation).
Gene annotations were downloaded from Ensembl83 and we extracted first and last exons, and stop codons from the GTF file using a custom script. Sequences were either obtained directly from
Biomart (e.g. 3'UTRs), or extracted using getFasta in the bedTools suite (e.g. m 6 A regions).
To construct the m 6 A fate map we intersected bed files from the peak calling using bedTools (intersectBed).
We performed de novo motif discovery using HOMER (v. 4.8) [35] , motif occurrences using FIMO [36] and discriminant analysis using DREME [37] . For the FIMO analysis we selected a thresholds that for all motifs led to no mismatches from the IUAPAC motif. An exception was made for the U 10 motif where one mismatch was allowed. EaSeq [38] was used to create heatmaps of m 6 A, stop codons and SAPAS reads. R (https://cran.r-project.org) was used extensively in data mining, statistical testing and for visualization.
Analyses of published datasets
Datasets were downloaded from public repositories and reads mapped using STAR (v. 2.5.0a).
FeatureCounts (v.1.5.0) were used to count reads per gene with parameters according to library type and sequencing technology (see table S3 ).
Results

Global m 6 A levels during embryogenesis are dynamic
We measured the amounts of m 6 A in total and polyA enriched RNA from different early embryonic stages of Zebrafish development using liquid chromatography -mass spectrometry (LC-MS/MS).
There was a significant increase of m 6 A (per total unmodified nucleotides) in the polyadenylated RNA fraction between 0 hpf and 1.5 hpf (p = 0.0016 after correction for multiple tests (4 pairwise tests), two-sided t-test, n = 3, 22% increase) (Fig 1b) , but there was no change in the amount of m 6 A in total RNA (Fig S1) . The data were of high quality as evidenced by the similarity between replicates at the single gene level (Fig 1c) , and genome wide correlations of peak scores (Fig S2a) . Consistent with the mass spectrometry results we found a substantial increase in the number of peaks and genes with m 6 A between 0 and 2 hpf, and a substantial decline between 4 and 6 hpf (Fig 1d) . This dynamic was also evident when testing for differentially methylated genes between developmental stages ( Fig S2b) . We constructed an m 6 A peak diagram of genes found to have m 6 A at one or more of the four developmental stages ( figure 1e ). This diagram demonstrated that 99% of the 6845 m 6 A containing genes at 0 hpf are also present with m 6 A at 2 hpf, plus an additional 2,940 genes.
Subsequently there are very few novel m 6 A containing genes, but a substantial loss between 2 and 6 hpf (n = 4,880). Interestingly, there is an 85% overlap between genes that gain m 6 A between 0 and 2 hpf, and those losing m 6 A between 2 and 6 hpf. Thus, a subset of genes displays a highly dynamic pattern, whereas a core group of genes has m 6 A enrichment at all stages.
In several species it has been shown that m 6 A occurs in a RRACU sequence context. We did a de novo motif discovery and for all samples (0, 2, 4 and 6 hpf) there were an overwhelming enrichment for motifs that included the RRACU motif (Fig 1f) (e.g. p-value at 0 hpf = e -480 , binomial distribution). Direct search for the RRACU motif found that this was present in 90.3-91.2% of the peaks. This validates the m 6 A-IP-seq results further, and shows that the preference for the RRACU motif is conserved also in zebrafish.
Maternal and zygotic transcript display differences in m 6 A levels and frequency
The fraction of maternal genes (defined as all genes expressed at 2 hpf) detected with m 6 A was dependent on the gene expression level cut off used, ranging from 57% at 10 counts per million (CPM, based on input sample gene counts), to 69% at 50 CPM cut off. In contrast, for zygotic genes (expression >10 CPM at 6hpf and >2 log2 fold-change increase between 4 and 6 hpf), only 34%
(297 of 873 genes) of the genes were methylated (odd ratio 2.56, 95% CI 2.21-2.97, p-value <2.2e -
, Fisher exact test).
It has been shown that the percentage of m 6 A modified transcripts in a particular transcript species (e.g. the number of m 6 A modified and unmodified nanog) vary between transcripts [40, 41] . As a rough assessment of this fraction we calculated the m 6 A-IP/input ratio (see methods).
We found that the median log2 m 6 A-IP/input ratio for maternal transcripts was 1.33, while it was 1.70 for zygotic transcripts (p-value <2.2e -16 , Wilcoxon rank sum test). Maternal transcripts are thus more commonly methylated than zygotic, but a smaller percentage of the transcripts (for a particular transcript species) are methylated.
Genes with dynamic m 6 A status are regulators of embryonic events
We used Metascape to investigate the functionality of genes marked with m 6 A at different stages [42] . We focused on the two most dynamic periods, the increase pre-ZGA and the changes occurring after ZGA by selecting genes that had a m 6 A log2 fold change >2. Consistent with the substantial number of genes that both gain methylation pre-ZGA and lose it post-ZGA, the two groups (up 0-2 hpf and down 4-6 hpf) were enriched for similar terms related to developmental processes (e.g. embryonic morphogenesis and cell fate commitment) (Fig S3a and b) . Genes with lower m 6 A level at 6 hpf (relative to 4hpf) were in addition enriched for genes with hydrolase activity and kinase regulators (Fig S3b) . In contrast, genes that gain m 6 A after ZGA are most frequently involved in chromatin restructuring and retinol metabolism (Fig S3c) . This enrichment fits well with the transition of modified histones and nucleosomes around this time [43, 44] , and the necessity of retinoic acid signaling during gastrulation [45] . m 6 A are preferentially found over or in the vicinity of stop codons
In order to identify the location of m 6 A within genes we intersected peak coordinates with annotated features (>1 bp overlap with 3'UTRs, first and last exons, and stop codons). Because annotations can be incomplete and may not perfectly represent early developmental stages, we used only last exons that had both a 3'UTR and a stop codon associated with them. The results showed that the vast majority of peaks are found in last exons (81-86%), and a minor fraction in first exons (6.2-8.7%), consistent with published data [46] . Between 44 and 49% of the peaks overlapped directly with a stop codon. A gene centered Venn diagram of the position of peaks revealed that most genes with a last exon peak also had a peak overlapping the stop codon (Fig   1g) . Similarly, first exon peaks were rarely present without other m 6 A peaks (<10% of first exon peaks). Of note, the antibody used for m 6 A-IP-seq (see methods) does not discriminate between m 6 A and N 6 ,2'-O-dimethyladenosine (m 6 Am). The latter modification was recently shown to enhance mRNA stability [47] .
Interestingly, we found that the m 6 A/input ratio for peaks stratified by their position in the transcript were distinct in terms of signal strength. Peaks in last exons that did not overlap with a stop codon, had a much lower m 6 A /input ratio than peaks overlapping a stop codon (log2 enrichment of 1.33 and 1.78 at 0 hpf, n = 2,512 and 5,469, p-value <2.2e -16 , Wilcoxon test).
In order to improve the resolution of the spatial relationship between m 6 A, stop codons and polyadenylation sites we visualized last exons with m 6 A and their annotated stop codons using EaSeq [38] . As multiple polyadenylation sites are frequent during embryogenesis [48, 49] , we included SAPAS data (sequencing of alternative polyadenylation sites) from corresponding stages to visualize the utilized polyadenylation site [49] . The stop codon was frequently found in the beginning of the last exon (Fig 2a) , and overlapped with the normalized m 6 A signal, but not the SAPAS signal, both at 0 and 6 hpf. To investigate if the enrichment at the 5' end was related to the end of the exon, or the stop codons, we visualized the start and end of each last exon, which again showed high degree of co-occurrence between stop codons and m 6 A, and not with the SAPAS signals (Fig 2b) . The results shows that when m 6 A is present at last exons containing a stop codon, it occurs in close proximity to the stop codon, while the distance to the cleavage site vary depending on the length of the last exon.
Comparison with total RNA m 6 A IP sequencing
In a recent publication ribosome depleted RNA was used to IP m 6 A during zebrafish embryogenesis (in contrast to our polyA+ selected RNA) [26] (GSE79213). To evaluate if our result were in any way biased by the large fluctuations in polyadenylated RNA levels during development we wanted to compare our results from polyA+ selected RNA with that of rRNA depleted RNA. To test if we "missed out" on a lot of genes because of polyA+ RNA selection we identified a cohort of 877 genes that had very high total RNA levels compared to polyA+ levels (at 0 hpf), suggesting they might not be captured during polyA+ selection. Even though underrepresented, 315 of these were still found to be methylated in our dataset (at 2 hpf), and 562 were found to be unmethylated. Only 10 of these unmethylated (10 out of 562) were detected in the total m 6 A CLIPseq experiment, and these genes included ribosomal RNA (5.8S), ribozymes (Nuclear RNAase P)
and Metazoa Signal Recognition Particle RNA. Thus, non-coding RNA components of the ribosome.
Three genes were protein coding according to annotation. From these analyses we conclude that; i) Most genes underrepresented in polyA+ sequencing are not methylated (562 of 877 genes).
ii) Most of those that are methylated are still detected as such (315/325).
iii) Only a handful of underrepresented genes are detected by total RNA based methods, and the majority of these are ribosomal components not translated (but still found in RPF-seq because they are components of the ribosome).
m 6 A, cytoplasmic polyadenylation and translational efficiency
To gain insight into the role of m 6 A in RNA biology during early vertebrate embryogenesis we took advantage of the rich repertoire of different sequencing experiments for zebrafish embryonic stages that are publicly available (see table S3 for references and accession number).
PolyA-tail length and mRNA levels
The pre-ZGA stages of development are characterized by extensive polyA tail dynamics, in particular the addition of adenosines to the already existing polyA tails of maternal transcripts, a process referred to as cytoplasmic polyadenylation (CPA) [16] . To analyze a possible relationship between m 6 A and polyA tail length we first used direct measurement of the polyA tail length obtained from poly(A)-tail length profiling by sequencing (PAL-seq) experiment [13] . We found only a small difference between m 6 A and non-m 6 A transcripts both at 2 hpf (24.5 and 23.2 nt, respectively), and at 6hpf (39.7 and 36.9 nt, respectively). However, there is substantial CPA prior or just after fertilization [7, 50] , before the first time point in the PAL-seq study (2 hpf). Therefore, it remained a possibility that m 6 A can regulate CPA either in the oocyte, or immediately after fertilization. As an indirect measure of CPA we used mRNA-seq levels from published mRNA-seq datasets [7, 51] . Since transcripts here are selected through hybridization between the polyA tail and oligo(dT) beads, and only low levels of transcription occur, the bulk of mRNA abundance increase must be due to CPA [8, 31] .
Due to large difference in average polyadenylated mRNA levels between m 6 A and non-m 6 A genes, we stratified the genes into comparable subgroups with similar levels. For every subgroup, m 6 A genes increase substantially more than non-m 6 A genes pre-ZGA (Fig 3a) . To assess at which time point the increase occur we used our previously published dataset, which included several early time points [7] . We found a robust difference between the 1-and 16-cell stage (median log2 foldchange 1.51 and 0.88, n = 7148 and 5970, expression >10 reads at 1-cell stage, p < 2.2e -16 , Wilcoxon rank sum), but only a minor difference between 16-and 128-cell (median log2 foldchange 0.25 and 0.24, n = 7148 and 5970, expression >10 reads at 1-cell stage). Next, we extracted genes with relatively higher methylation level at 2 hpf compared to 0 hpf, and found that these had a significantly higher increase pre-ZGA compared to genes with m 6 A at 0 hpf ( values at three stages (2, 4 and 6 hpf, n = 3,541), using published ribosome protected fragments sequencing (RPF-seq) data [13] . Through intersections with our m 6 A peak data we found a large difference in the TE between m 6 A (n = 2,648) and non-m 6 A genes (n = 893) at 2 hpf (median TE 0.55 and -0.31, p-value <2.2e- 16 , Kolmogorov-Smirnov test) (Fig 3b) . At 6 hpf, the translation efficiency for m 6 A and non-m 6 A was more similar (0.91 and 0.54 for m 6 A and non-m 6 A, respectively). Also of interest, we found that genes with m 6 A located in the last exon, but not overlapping a stop codon, had much higher TE than genes with m 6 A over the stop codon or in the 5'UTR (TE 0.85, 0.52 and 0.32 for last, stop codon and first exon peaks respectively).
m 6 A is associated with sequence motifs bound by translational regulators
As shown earlier the RRACU motif was the most overrepresented motif within peak regions. To gain a deeper insight to the m 6 A sequence context we performed a more extensive sequence analysis. We performed discriminant analysis between the 3'UTR of m 6 A and non-m 6 A genes, to potentially detect novel motifs that are different between the two groups. The two top motifs enriched in m 6 A genes at 2 hpf were AGU(U/C)C (p-value = 3.4e -156 , 81% vs 65%), and AACG(U/A) (p-value = 3.0e -121 , 74% vs 58%) (Fig 3c) . The former motif bear close resembles to a reported Dazl binding motif [52] , while the latter is bound by Unr, with highest affinity when present together with an upstream purine rich motif [53] . Both Dazl and Unr have been shown to be involved in translational regulation. Dazl promote translation, probably through elongation of the polyA tail [52, 54] , while Unr interact with CCR4 and PABP in translation dependent decay [55] . (Fig 4a) . Interestingly, for m 6 A and non-m 6 A genes without the miR-430 seed had smaller differences (median log2 fold-change -0.34 and -0.60).
Expression of writers, readers and erasers of m 6 A during development
Proteins involved in m 6 A functionality can be divided into writers, readers and erasers.
Importantly, all known genes involved in m 6 A regulation are conserved in zebrafish. Interestingly, both the writer mettl14 and the eraser alkbh5 have robust increase pre-ZGA (Figs S4a and b ). This suggests a highly dynamic m 6 A state, with frequent methylation and demethylation. Notably, we observed high levels of the m 6 A reader and translational regulator ythdf1 at all stages (Fig 4b) . In contrast, ythdf2 increase from relatively low levels pre-ZGA and reaches its top level at 4.3hpf (Fig   4b) . Another gene suggested to be involved in m 6 A gene regulation, elavl1, has robust increase in expression from ZGA and onwards (Fig 4c) [3, 57].
Discussion
Our study improves the understanding of two key processes during embryogenesis, posttranscriptional regulation of maternal transcripts, and miR-430 mediated regulation post-ZGA.
There are, however, important questions that remain unanswered. First, do m 6 A affect CPA only, and thus indirectly translation, or both CPA and translation independently? The earlier timing of CPA, and the delay in effect on translation, but not CPA, suggests that CPA is the primary driver.
An exception from this might be for temporarily restricted peaks located away from stop codons, but still in last exons. They were most strongly associated with translation, yet they display lower IP/input ratio, suggesting that they are very potent signals for translational increase. Preliminary analysis using multiple linear regression found that m 6 A presence were an significant independent predictor, together with polyA tail length, in predicting TE, however the main proportion of TE variation is explained by polyA tail length.
Second, it needs to be proven functionally which proteins are involved in the regulation of m 6 A levels and effects on mRNA dynamics. It seems likely that ythdf1, already expressed at high levels at fertilization and previously shown to enhance translation [4] , is involved. Further, ythdf2 and elavl1 can alter the stability of transcripts [3, 58] , and their expression profiles suggest a role during or after ZGA. Indeed, it was recently shown that ythdf2 knock-out cause developmental delay after ZGA, probably caused by reduced degradation of maternal transcripts and lower expression of zygotic transcripts [26] . However, only a small number of high confidence ythdf2 targets were identified (n = 135). We could not detect any general effects on total RNA stability prior to ZGA, consistent with the expression pattern of ythdf2 (Fig 4f) . However, genes with m 6 A at 2 hpf were more strongly degraded post-ZGA, in line with the observed effect of ythdf2 binding. (Fig 3c) .
Enhanced RNA binding of these proteins might also contribute to the RNA dynamics we observed.
It is likely that the relative position of m 6 A, protein binding sequences and secondary structures predict the mRNA fate.
Future work will also be needed to determine and understand the onset of high m 6 A levels in early embryogenesis. The relatively lower levels of m 6 A in MII oocytes (3820 genes) reported in Xenopus [60] , indicates that the increase in m 6 A occurs later than the MII stage. Further studies using recently developed methods to determine differences in structure and co-occurrence with RNA binding proteins will increase the understanding of how m 6 A contributes to RNA biology. The current work lays an interesting fundament for future mechanistic studies and shed light into the combinatorial code of mRNA regulation during early vertebrate embryogenesis.
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